A solid-contact Mg 2+ ion-selective microelectrode (ISME) usually consists of a carbon fiber coated with conducting polymer, such as electropolymerized 3, 4 ethylenedioxythiopene (PEDOT), in contact with the ion-selective membrane. PEDOT is typically electrochemically deposited onto the carbon fibers from rather expensive ionic liquid based dopants. Herein, Mg 2+ ISMEs were assembled using a commercially available Mg 2+ ionophore-containing solution and PEDOT electrochemically deposited from sodium p-toluenesulfonate, thus providing a simple and inexpensive method to develop Mg 2+ ISMEs. The ISME fabricated by this procedure is successfully able to respond to Mg 2+ ion concentrations arising from pure Mg during free corrosion and also galvanic corrosion (when Mg is coupled to pure iron).
Several global and local electrochemical techniques are presently being used to investigate Mg corrosion in different aqueous media, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] including temporal methods such as atomic emission spectroelectrochemistry 3, 4, 6 as well as spatial methods such as scanning electrochemical microscopy (SECM) 8 and the scanning vibrating electrode technique (SVET).
9-11 SECM has been used by several researchers to date, in order to investigate the localized corrosion of Mg. [12] [13] [14] [15] [16] Therein, the SECM probe (which is usually a Pt microelectrode) has been mainly used to 'sense' the hydrogen evolution reaction upon the Mg surfaces. [15] [16] [17] The SECM therefore is operated in a Sample Generation-Tip Collection mode (SG-TC), wherein the hydrogen gas emanating from the sample is oxidized at the Pt probe (tip). [16] [17] [18] [19] [20] [21] The data obtained from the SECM are typically plotted as a 2D profile of the local hydrogen oxidation current, which indicates the local (surface) cathodic activity across the Mg surface. Therefore, one can detect the cathodic sites upon the Mg surface using SECM in SG-TC mode. [16] [17] [18] [19] However, the detection of the anodic sites located upon a corroding Mg surface is slightly more difficult as a darkish MgO/ Mg(OH) 2 based film readily forms upon the corroded regions and more specifically at the sites where Mg dissolution has occurred. 7, 10, 11 This darkish film also supports the HER at appreciable rates, 11, 22, 23 thus causing the anodic sites to transition into cathodic sites within a short duration 11 -a concept termed cathodic activation. 8 Also, the actively dissolving area supports the HER at higher rates (to a greater extent than that at the darkish film), thus making it difficult to locally detect and measure Mg dissolution at the anodic sites. 24 The hydrogen bubbles evolved upon an Mg surface during corrosion can further complicate the task of detecting the anodic sites on a dissolving Mg surface. 15 Izquierdo et al. 25 developed an Mg 2+ ion-selective microelectrode (ISME) which can preferably detect and monitor the Mg 2+ ion concentrations within a given volume of the solution. The ISME measures a potential versus a reference electrode that is calibrated against the Mg 2+ ion concentration. The Mg 2+ based ISME was then used as a probe in an SECM setup, for monitoring the spatial distribution of Mg 2+ ions emanating from a corroding Mg sample. 25, 26 The ISME was found to be effective in detecting the location of the anodic sites, providing a unique capability and significant promise for use of such approaches in the understanding of Mg corrosion. ionophore to develop a micro Mg 2+ ISME. This particular ISME was deemed successful in monitoring the local Mg 2+ release from different cast AM50 specimens during corrosion. 28 The preparation of the ISMS was performed in-house in some of the above works, however today Mg 2+ ionophore containing cocktails are commercially available, enabling one to easily assemble inexpensive Mg 2+ ISMEs. Herein, an Mg 2+ ionophore containing cocktail generically termed as 'Magnesium ionophore II-cocktail A' (Sigma Aldrich), which consists of ETH 5214 has been used to assemble an Mg 2+ ISME. 29 The presence of the Mg 2+ ionophore enables the ISME to selectively and reversibly extract Mg 2+ ions, with PEDOT simultaneously transducing the ionic signals into electronic ones. 30 The PEDOT-coated carbon fiber is connected to a reference electrode during potentiometric operation and the potential measured between the ISME and the reference electrode thus relates to the Mg 2+ ion concentration present in the analyte. 25, 26, 31 The Mg 2+ -based ISMEs are calibrated in solutions containing known concentrations of Mg 2+ ions to derive an empirical relation between the ISME potential (versus the reference electrode) and pMg 2+ (-log [Mg 2+ ]). The relationship between the Mg 2+ ion concentration and the ISME potential should ideally follow the Nernst equation (Eq. 1).
Where E is the potential, K is constant, F is the Faraday constant, z i and a i are the ionic charge and activity of ion, respectively. When the ISME is used as a probe in the SECM, a potential distribution across the Mg surface is monitored. The potentials are then converted to pMg 2+ (using the empirical equation obtained from the experimental . The solvent used was distilled water and the electrode potential was rastered from −0.9 to 1.30V vs Ag/AgCl was applied in order to complete PEDOT electropolymerization/electrodeposition. Fifteen cycles of CV were performed to ensure that a PEDOT film was uniformly formed upon the carbon fibers. ISME calibration), assuming that the activity coefficient is one. The measured ISME potentials therefore reveal the Mg 2+ concentration distribution arising from the corroding Mg surface.
Conventionally, the carbon fiber used in ISMEs is coated with PEDOT by electropolymerization, using a monomer such as 3, 4-ethylenedioxythiopene dissolved in an ionic liquid. 25, 26, 31 In the current work, the electropolymerization of PEDOT is performed using 3, 4 ethylenedioxythiopene with sodium p-toluenesulfonate (instead of the ionic liquid). This provides a simpler, inexpensive method to develop Mg 2+ based ISMEs. The Mg 2+ based ISMEs have previously been used to detect the in-situ release of Mg 2+ ions from Mg/Mg alloys and correspondingly provide 2D profiles of the Mg 2+ ion concentrations emanating from the metal surfaces. 12, [25] [26] [27] However herein, we wish to demonstrate a simple (and cheap) method to construct this Mg 2+ ISME and to benchmark the performance of such an ISME, to analyze Mg dissolution both during free corrosion and galvanic corrosion.
Materials and Methods

Mg
2+ Ion-selective microelectrode fabrication.-The initial step in the production of the ISME involved a bundle of carbon fibers being connected to a copper wire using conducting silver epoxy paste. The 7 μm graphitized carbon fibers used to manufacture the ISMEs were obtained from SGL Carbon, Germany. The carbon fibers were subsequently subject to electropolymerization to form PEDOT, in a solution containing 0.1 M 3, 4-ethylenedioxythiophene (EDOT), 0.1 M sodium p-toluenesulfonate and distilled water. The electropolymerization was performed using a three-electrode set-up with the carbon fiber bundle acting as the working electrode (WE), Ag/AgCl as the reference electrode (RE) and a platinum wire serving as the counter electrode (CE). Cyclic Voltammetry (CV) was performed between −0.9 to 1.30 V (vs Ag/AgCl) to initiate the electropolymerization and to achieve greater control on the growth of the PEDOT film. For each experiment, 15 consecutive cycles were performed to obtain a uniform deposition of the PEDOT layer upon the bundle of carbon fibers. The CVs corresponding to the growth of the PEDOT film (by electropolymerization) are shown in Figure 1 .
The integrated area under the cyclic voltammogram grew and expanded after each cycle/scan, confirming the formation of an electroactive PEDOT film on the carbon fibers. Additionally, the peak Borosilicate glass capillaries with an outer diameter of 1.5 mm were pulled using a micropipette puller to obtain a fine tip at one end, with the inner diameter of the capillary being approximately 20 μm. The capillaries were then washed in pure acetone, dried and hydrophobized in Sigmacote (Sigma Aldrich) solution. The hydrophobized capillaries were then baked in an oven at 110
• C for 24 hours after which the PEDOT coated carbon fibers were carefully inserted through them. The Mg 2+ ionophore containing cocktail, generically named 'Magnesium ionophore II-cocktail A' (Sigma Aldrich) was then carefully back-filled through the tip using a syringe. This ionophore is readily available and inexpensive, consistent with the aims of the present study. A cylindrical piece of Teflon was attached at the top of the ISME to provide stability when the ISME is clamped into the probe holder of the SECM instrument. The schematic of the manufactured ISME is shown in Figure 3a with its photograph and tip diameter. The images of the ISME obtained using an optical microscope are shown in Figures 3b and 3c respectively.
The ISME was calibrated in MgCl 2 solutions containing different concentrations of Mg 2+ ions (ranging from 1 M to 10 −5 M). The steady-state potential of the ISME with respect to the RE was measured in each solution and also in a reference 1 mM NaCl solution. The plot between the measured ISME potential and the Mg 2+ ion concentration (given by pMg 2+ ) is shown ( Figure 4 ) and the linear empirical relation between the ISME potential (E) and pMg 2+ is given by Eq. 2. E = 12.16 − 37.4 pMg 2+ [2] The slope between the ISME potential (E) vs Ag/AgCl and pMg 2+ was close to 37.4 mV/decade, which is in the same range as that measured by Izquierdo et al. (around 33.44 mV/decade). 25 The variation in the slope of the equation from Nernstian value (approximately 29.5 mV) could be due to the fact that the Mg 2+ ISME is used in the solid-contact mode (with PEDOT being the transducer to convert the ionic signals into electronic ones). However, the deviation in value of the slope which is around 8 mV from the theoretical value is also seen in other similar works using Mg 2+ ISMEs, 33 wherein the slope was measured to be 21.7 mV. Several different Mg 2+ ionophores have been used previously by researchers to assess the Mg 2+ concentration profiles developing in the vicinity of corroding Mg specimens. [25] [26] [27] [28] Overall, in such studies and also in the current work, the selectivity of the Mg 2+ ionophores toward other cationic species such as Na + and H + is considered as negligible.
Sample preparation.-Commercially pure Mg (albeit with a low impurity concentration that was <40 ppm Fe) and 99.99% pure Fe specimens were cut into small cuboidal strips, with the dimensions being ∼2 × 2 × 2 mm. The strips where flush mounted in epoxy and metallographically prepared to a 1 μm polished surface finish. The metal samples were connected to wires through the epoxy, providing electrical contact.
Scanning electrochemical microscopy (SECM) using the Mg
2+
based ISME.-A scanning electrochemical microscope (Biologic Model M370) was used to perform the local electrochemical tests. The in-house fabricated Mg 2+ ISME was used as the probe in the SECM measurements. The Mg 2+ ISME used to perform the SECM scan was exactly the same as the one used to perform the calibration. This procedure was followed to ensure the reproducibility and accuracy of the measured local Mg 2+ concentrations. A Pt foil was used as the CE and an Ag/AgCl RE was also used to complete the test cell. A spirit level was used to ensure that the mounted sample (within the test cell) was appropriately level, prior to commencing the SECM experiments. The electrolyte used was 1 mM NaCl. Firstly, the ISME tip was gently contacted with the metal surface and then gradually raised to a height of 100 μm above the surface. An SECM area scan was performed over the pure Mg sample encompassing an area of 2000 μm × 2000 μm. The scan rate used for the SECM measurements was 500 μm/sec and the spacing between the points for each measurement was 150 μm. The Mg dissolution rate is typically high and therefore such a fast scan rate was used to perform SECM scans of Mg specimens before substantial dissolution of the Mg surface occurs. Herein, it is assumed that the rate of Mg 2+ ion transport by convection, due to motion of the ISME and also from the HER was negligible compared to that by diffusion. The scanning parameters (especially the fast scan rate) used herein and any local convective effects will restrict the ability to probe local phenomena using the Mg 2+ ISME, but will however serve to demonstrate the capability of this in-house built ISME to make more global measurements. The ISME measurements were also performed upon pure Mg and pure Fe samples galvanically coupled to each other, to evaluate the performance of the ISME in discriminating between the two different metal samples. In a separate experiment, the Mg and Fe strips were galvanically coupled using a zero resistance ammeter (ZRA) during the SECM measurements, enabling one to simultaneously monitor the "external" galvanic current (as monitored by the ZRA), with the Mg 2+ ion distribution as estimated using the ISMEs. The set-up used for these measurements is shown in Figure 5 .
Results and Discussion
SECM of a corroding pure Mg specimen using the Mg 2+ ISME.-An illustration of the selected area scanned upon an immersed Mg sample during an SECM measurement is shown in Figure 6a . The SECM area scan was carried out within a 2000 μm × 2000 μm square, which includes the surface of the polymer on both sides of the Mg strip. This enables one to compare the consistency of the ISME before and after it has rastered across the specimen under investigation. The raw data obtained from the SECM area scan is the distribution of the ISME potentials (vs Ag/AgCl) measured across the scanned area (Figure 6b ). These potentials were translated into pMg 2+ values using Eq. 1 and the corresponding pMg 2+ distribution across the immersed Mg sample is presented in Figure 6c . The pMg 2+ values recorded above the Mg surface were significantly higher (in the range 6.3 to 6.5) than those detected above the polymer surface (range: 6.7 to 7.3), indicating that the in-house manufactured ISME could successfully detect the local Mg 2+ concentrations emanating from a corroding Mg specimen. It can also be seen that the pMg 2+ values increased to >6.5 ([Mg 2+ ] = 10 −6.5 M) when the ISME probed the polymer surface, both before and after crossing the Mg specimen. This result highlights the consistency and longevity of the ISME. However, it must be clarified that when the pMg 2+ values are >5, they are out of the linear range and are not accurately quantifiable. An SECM area scan image for a pure Mg sample after 90 minutes of immersion is shown in Figure 6d and indicates that the corroded sample exhibited a higher Mg concentration above the surface. The range of the Mg 2+ concentration varied between 3.9 and 5.6 pMg 2+ , revealing that the local Mg 2+ concentration emanating from the corroding sample appreciably increased with time and importantly that the ISME was able to detect this variation in local pMg 2+ .
SECM of a pure Mg specimen coupled to a pure Fe specimen.-The performance of the in-house manufactured ISME was also tested in a scenario of galvanic corrosion, wherein a pure Mg specimen was galvanically coupled to a pure Fe specimen. An illustration of the area scanned during the SECM measurement is presented in Figure 7a . The SECM area scan was performed within a 5000 μm × 10000 μm rectangular area, which includes the pure Mg, pure Fe and the polymer surfaces. The area scan was commenced close to the Mg surface and the probe was moved along the y-axis direction, to raster firstly over the pure Mg and then the pure Fe surface. The corrosion rate of Mg was found to significantly increase as expected, due to galvanic coupling between the two dissimilar metals. The pMg 2+ values measured on the polymer surfaces close to the Mg sample were in the range 2 to 4, whereas the pMg 2+ values measured on pure Mg were between 1.5 and −1. concentrations measured over an Mg sample experiencing galvanic corrosion is therefore several orders of magnitude greater than Mg experiencing free corrosion. The pMg 2+ values gradually decreased as the ISME probe arrived over the polymer surface and substantially decreased over the pure Fe surface (which is the remote cathode) to ∼10 −8 M. In an independent experiment, the galvanic current between the pure Mg and pure Fe specimen was measured using the ZRA, si- multaneously with the SECM area scan using the ISME probe. This technique is very useful in comparing/contrasting the data collected from the two electrochemical techniques (namely the ISME-SECM and ZRA). The ZRA quantifies the electronic current flowing between the Mg and Fe, whereas the ISME measurement provides the Mg 2+ ion distribution arising from galvanic corrosion. The results from the SECM scan are displayed in Figure 8a with the corrosion current (i galv ) measured by ZRA (presented in Figure 8b ). This experiment was performed using two different reference electrodes within a single electrochemical cell, however no interferences were observed in this bipotentiostatic experiment. The electric field has a direct impact on the potential measured at the ISME (within such galvanic couples) which may result in the over-or under-estimation of the primary ion activity. 13 The effect is mainly due to the ISME and reference electrodes being placed at different locations within the electric field, resulting in the measurement of anomalously high Mg 2+ concentrations within galvanic couples. 13 The influence of the electric field on ISME measurements may be less pronounced in micro-galvanic couples which may be formed on an Mg alloy surface compared to the macro-galvanic system studied herein. Further characterization of the in-house built Mg 2+ ISME will be performed in the future to determine the other important parameters such as the selectivity coefficients of the ISME with respect to other interfering ions such as Na or Ca 2+ , the response times and ion-selective membrane resistivity. Its performance under the influence of an applied electric field will also need to be further explored.
Conclusions
A simple and low cost in-house produced Mg 2+ ISME has been fabricated using a commercially available Mg 2+ ionophore containing solution and also using PEDOT electrodeposited from sodium p-toluenesulfonate. The performance of the ISME in measuring the local [Mg 2+ ] upon a dissolving Mg specimen was evaluated both during free and galvanic corrosion. SECM using the in-house built ISME was able to successfully provide quantitative [Mg 2+ ] distribution spatially and temporally over corroding Mg specimens, not possible by any other means.
